Introduction
============

Progressive cardiac conduction defect (PCCD), also known as Lenegre-Lev disease (Online Mendelian Inheritance in Man entry no. 113900), is a rare bradycardic disorder ([@b1-mmr-21-06-2459],[@b2-mmr-21-06-2459]). PCCD is characterized by electrical deterioration of the conduction system in the atrium and ventricle, which presents as temporal prolongation of the PR interval, bradycardia, bundle branch block and advanced atrioventricular block (AVB) ([@b3-mmr-21-06-2459]). A genetic epidemiological study reported that the PCCD frequency ranged from 0.21--2.28% in \>6,600 patients implanted with a pacemaker in western France ([@b4-mmr-21-06-2459]). In the past several decades, the rapid development of molecular genetics has provided important data on the genetic basis of PCCD ([@b5-mmr-21-06-2459]).

Clinical and molecular studies have led to the characterization of PCCD as an inherited disease ([@b6-mmr-21-06-2459]). Several genes have been associated with PCCD, including sodium voltage-gated channel α5, protein kinase AMP-activated non-catalytic subunit γ2, NK2 homeobox 5 and lamin A/C (LMNA) ([@b5-mmr-21-06-2459],[@b7-mmr-21-06-2459]). LMNA is located on chromosome 1q21.2--21.3 and generates both lamin A and C by alternative splicing of a single transcript ([@b8-mmr-21-06-2459]). Lamin A and C are nuclear intermediate filament proteins that form one of the major structural components of the lamina network, which underlies and mechanically supports the nuclear envelope ([@b9-mmr-21-06-2459]). LMNA mutations cause a spectrum of multisystem diseases, including PCCD, dilated cardiomyopathy (DCM), muscular dystrophy and lipodystrophy ([@b6-mmr-21-06-2459],[@b9-mmr-21-06-2459],[@b10-mmr-21-06-2459]). Although pleiotropic phenotypes are expressed in LMNA-associated diseases, PCCD is one of the most malignant phenotypes, with an untreated sudden cardiac death rate of ≤46% ([@b11-mmr-21-06-2459]). Mortality occurred in 8% of LMNA genotype-positive subjects at a mean age of 66±8 years, over a mean follow-up period of 7.8±6.3 years ([@b12-mmr-21-06-2459]). These findings illustrate the importance of genetic screening and genetic counseling in patients with PCCD and families with genetic mutations.

In the present study, whole-exome sequencing of three patients with inherited PCCD and one healthy control subject was performed, and a pathogenic mutation was identified. The PCCD-associated mutation was identified as a nonsense LMNA mutation, which truncates the LMNA protein. Family screening identified LMNA genotype-positive carriers, potentially allowing for improved management of mutation carriers in the future.

Case report
===========

### Patients and DNA samples

The proband (III-4), a 57 year-old Chinese woman, initially presented with chest discomfort, repeated attacks of dizziness and amaurosis. The patient presented with the aforementioned symptoms 12 years ago (in 2000) and received no treatment prior to their first hospitalization in 2012. Due to persistent symptoms, the patient was admitted to Department of Cardiology in Fuwai Hospital (July 2012) for comprehensive diagnosis and treatment. The 24 h ambulatory electrocardiogram (ECG) results identified sinus bradycardia \[average heart rate, 48 beats per minute (bpm); minimum heart rate, 23 bpm\] and advanced AVB in the patient ([Fig. 1A](#f1-mmr-21-06-2459){ref-type="fig"}). An echocardiogram identified an enlargement of the left atrium (left atrial diameter, 43 mm). Therefore, the patient received a permanent pacemaker with a normal pacing ECG ([Fig. 1B](#f1-mmr-21-06-2459){ref-type="fig"}), which alleviated the aforementioned symptoms. By investigation of the familial cardiac history of the patient, a further ten relatives also experiencing dizziness, syncope and bradycardia were identified. Among these symptomatic family members, six participants had an implanted pacemaker (II-10 also had an implantable cardioverter defibrillator), and four participants experienced sudden death. In addition, other common cardiovascular diseases were excluded in the family, including coronary heart disease, DCM and myocarditis. The direct family history, including cases of bradycardia, pacemaker implantation and sudden death, raised suspicion of an inherited arrhythmia disease.

A total of 39 participants (male patients, 10; female patients, 29; age range, 13--68 years; mean age, 42.59 years) from a Chinese family were included in Department of Cardiology in Fuwai Hospital (September 2017). The pedigree chart is presented in [Fig. 2](#f2-mmr-21-06-2459){ref-type="fig"}. Each participant provided peripheral venous blood for biochemical and genetic analyses and was examined by an ECG and echocardiography. A clinical survey of the cardiac disease history of each participant was also performed. Then, 2 ml anticoagulated venous blood samples from each participant were contained in EDTA vacuum tubes. Genomic DNA was extracted from each blood sample using the QIAamp DNA Blood Mini kit (Qiagen GmbH), according to the manufacturer\'s instructions.

The present study was approved by the Ethics Committee of Fuwai Hospital. Written informed consent was obtained from each participant.

### Whole-exome sequencing (WES)

WES was performed on blood samples from three participants with PCCD (III-4, III-16 and III-21) and a healthy family member (III-5) from the same generation of the family using an Illumina HiSeq 2000 sequencing system (Illumina, Inc.). The average coverage depth of the WES was \>200-fold. The SureSelect Human All Exon V5 (Agilent Technologies, Inc.) was used for exome capture and Burrows-Wheeler Aligner (version 0.7.12) ([@b13-mmr-21-06-2459]) was used to align the reads to the National Center for Biotechnology Information human reference genome (GRCh37/hg19) (<https://www.ncbi.nlm.nih.gov/projects/genome/guide/human/index.shtml>), after removing sequence adaptors and low-quality reads (the proportion of reads with undetermined base information in single-end sequencing \>10%; single read \>50% low quality (\<5) nucleotides). Picard (version 1.119; [sourceforge.net/projects/picard](sourceforge.net/projects/picard)) and Genome Analysis Toolkit (version 3.7) ([@b14-mmr-21-06-2459]) tools were used for duplicate removal, local realignment and base quality recalibration. Single nucleotide polymorphism (SNP) and Indel calling were performed using Sequence Alignment Map tools (version 1.10; [samtools.sourceforge.net/](samtools.sourceforge.net/)) and were annotated using Annotate Variation (version 20170825) ([@b15-mmr-21-06-2459]), according to the SNP database ([www.ncbi.nlm.nih.gov/SNP](www.ncbi.nlm.nih.gov/SNP)) and the 1000 Genomes Project database ([www.1000genomes.org/index.html](www.1000genomes.org/index.html)).

### Genotype identification

Firstly, all potentially significant variants were identified by *in silico* analysis, using the Protein Variation Effect Analyzer (version 1.1.5; [provean.jcvi.org/index.php](provean.jcvi.org/index.php)), Polymorphism Phenotyping (version 2.0; [genetics.bwh.harvard.edu/pph2](genetics.bwh.harvard.edu/pph2)), Sorting Intolerant From Tolerant (version 4.0.3; [sift.jcvi.org](sift.jcvi.org)) and Mutation Taster (version 2.0; [www.mutationtaster.org](www.mutationtaster.org)) bioinformatics tools. The conservation status of the candidate variants was estimated by the Genome Evolutionary Rate Processing (version 2.0; [mendel.stanford.edu/sidowlab/downloads/gerp/index.html](mendel.stanford.edu/sidowlab/downloads/gerp/index.html)), Phylogenetic Analysis with Space/Time Models (PHAST) Cons (version 1.3; [compgen.bscb.cornell.edu/phast](compgen.bscb.cornell.edu/phast)) and PhyloP (version 1.3; [compgen.bscb.cornell.edu/phast/help-pages/phyloP.txt](compgen.bscb.cornell.edu/phast/help-pages/phyloP.txt)) software.

In addition, Sanger sequencing was used to identify the validity of the variants. PCR of every potential variant was amplified DNA from the proband. A primer pair was used to amplify the LMNA variant c.1443C\>A (forward, 5′-AGATGGAAGGAGAGGCCTCA-3′ and reverse, 5′-AGAAAGGGGCCCTGAATTGG-3′). PCR was performed with a TaKaRa LA Taq kit with GC buffer (cat. no. RR02AG; Takara Biomedical Technology Co., Ltd.) according to manufacturer\'s protocol. The amplification process was: Initial denaturation for 1 min at 94°C, followed by 30 cycles of 30 sec at 94°C, 30 sec at 60°C, 2 min at 72°C; and a final extension step at 72°C for 5 min. Subsequently, the candidate LMNA variants were sequenced in other family members and 100 healthy controls of matched ancestry (without any cardiovascular disease). The control group (male patients, 53; female patients, 47; age range, 18--60 years; mean age, 40.35 years) was recruited from September 2016 to August 2017. The PCR products were sequenced using an ABI Prism^®^ 377 DNA sequencer (Applied Biosystems; Thermo Fisher Scientific, Inc.). The identification of the variants was performed using Chromas software (version 2.22; Technelysium Pty, Ltd.). The co-segregation of genotype and phenotype was analyzed.

Results
=======

### Clinical examinations

The ECG examinations identified similar symptoms among the participants in terms of bradycardia, extended PR interval and advanced AVB ([Table I](#tI-mmr-21-06-2459){ref-type="table"}). The most common characteristic was bradycardia, which was observed in 12 patients from the family. The minimum heart rate recorded for each participant was ≤50 bpm. An extended PR interval \>200 msec was recorded in seven participants (III-1, III-4, III-6, III-10, III-16, III-19 and III-21). A cardiac conduction block manifested in different forms, including a right bundle branch block, an intraventricular block and various degrees of AVB. Advanced AVB was identified in nine patients, of which eight (except III-1) required the implantation of a pacemaker. Moreover, II-10 had also received an implantable cardioverter defibrillator to prevent sudden death. However, one identified mutation carrier (IV-3) displayed no abnormal ECG findings, and although individual IV-5 presented with bradycardia, the PR interval in the ECG was within the normal range.

None of the participants displayed hypertension or muscle weakness. Investigation of serum creatinine phosphokinase displayed no abnormalities in each participant. There was no evidence supporting the diagnosis of DCM, although several patients displayed abnormalities in the echocardiograph. Participants III-1 and III-19 had enlarged hearts, mitral and tricuspid insufficiency and a normal ejection fraction. Participant III-6 had an atrial septal defect and right atrial and ventricular enlargement (right ventricular anteroposterior diameter, 39 mm). After repair of the atrial septal defect, the right ventricular anteroposterior diameter decreased to 21 mm. Participant III-16 had a mild enlargement of the left heart due to mitral and tricuspid insufficiency. Participant III-21 suffered from patent foramen ovale. Other mutation carriers (III-10, IV-3 and IV-5) displayed a normal echocardiograph.

### Identification of pathogenic mutations

Whole-exome sequencing was performed in three participants (III-4, III-16 and III-21) and a healthy family member (III-5). A total of 5,401 non-synonymous variants were detected in the exonic and untranslated regions after filtering by frequency \<1% from the 1000 Genomes Project database. Co-association analysis identified six candidate genes (LMNA, ARFGEF3, FNDC1, MAN1A2, ODF2L and YY1AP1) associated with cardiac disease. Furthermore, Sanger sequencing identified all possible pathogenic variants among all participants. A nonsense LMNA mutation p.Tyr481\* ([Fig. 3A](#f3-mmr-21-06-2459){ref-type="fig"}) was identified as a pathogenic mutation in the patients with PCCD. The genotype and phenotype were only completely co-associated for this variant in the family included in the present study. In 100 healthy controls, the same mutation was not detected ([Fig. 3B](#f3-mmr-21-06-2459){ref-type="fig"}). To investigate whether the LMNA mutation caused significant alterations to gene and protein expression, several bioinformatics tools were employed ([Table II](#tII-mmr-21-06-2459){ref-type="table"}). The nucleotide at position 1,443 and the amino acid at position 481 were fully conserved in nine vertebrates ([Fig. 3C](#f3-mmr-21-06-2459){ref-type="fig"}). To predict the functional effects of the LMNA mutation, *in silico* analyses were conducted and suggested that the nonsense mutation was a risk factor for PCCD. It was further suggested that the nonsense LMNA mutation generated a truncated LMNA protein, lacking the final 184 amino acids ([Fig. 3D](#f3-mmr-21-06-2459){ref-type="fig"}).

Discussion
==========

In the present study, a large Chinese family with inherited PCCD were investigated and an LMNA mutation, p.Tyr481\*, was identified by whole-exome sequencing. The present study suggested that the LMNA mutation played a crucial role in the genetic pathogenesis of PCCD in the aforementioned family. Genetic testing of LMNA offers the possibility for hereditary diagnosis of patients with PCCD and the opportunity to take precautionary actions to prevent sudden death as early as possible ([@b16-mmr-21-06-2459]).

As a hereditary syndrome, PCCD is related to genetic variants in multiple genes, including LMNA ([@b5-mmr-21-06-2459],[@b17-mmr-21-06-2459]). At present, a large number of disease-causing LMNA mutations have been described ([@b16-mmr-21-06-2459],[@b18-mmr-21-06-2459]). The LMNA mutations are predominantly missense mutations, but nonsense, frameshift and intragenic deletions and duplications have also been reported ([@b16-mmr-21-06-2459]). Non-missense mutations in LMNA have an influence on the pathogenesis of PCCD ([@b19-mmr-21-06-2459]). Nishiuchi *et al* ([@b20-mmr-21-06-2459]) reported that truncation mutation carriers presented a worse prognosis than those with a missense mutation, based on gene risk stratification of cardiac disorders in 77 LMNA mutation carriers from 45 Japanese families. van Rijsingen *et al* ([@b21-mmr-21-06-2459]) evaluated risk factors for malignant ventricular arrhythmias in a multicenter cohort of 269 LMNA mutation carriers, and reported that non-missense mutations were an independent risk factor for malignant ventricular arrhythmias. In the present study, the participants had a high risk of advanced AVB and six subjects (II-10, II-12, III-4, III-16, III-19 and III-21) were implanted with a pacemaker. Therefore, regarding the family investigated in the present study, it could be suggested that other mutation carriers should be kept under careful observation.

LMNA mutations are associated with several cardiac phenotypes, including cardiac conduction disorders, DCM, malignant ventricular arrhythmia and left ventricular dysfunction ([@b17-mmr-21-06-2459],[@b22-mmr-21-06-2459]). The most prominent cardiac feature of LMNA mutations is PCCD ([@b23-mmr-21-06-2459]). The majority of the participants in the present study presented with dizziness and chest discomfort and suffered from bradycardia on initial ECG examination. As the disease progressed with age, certain participants developed advanced AVB and required the implantation of a pacemaker. Nevertheless, clinical variability has been observed among mutation carriers with the same LMNA mutation in present study. The age of onset for the majority of the participants in the present study was \~40 years. Participants IV-3 (age, 13 years) and IV-5 (age, 18 years) did not present with typical symptoms, potentially due to their young age. Therefore, it may be important for these individuals to attend future follow-up appointments.

Variable phenotypes in LMNA mutations may be caused by factors, including gender, onset age and mutation location ([@b16-mmr-21-06-2459]). A number of studies have reported significant gender differences in cardiac phenotypes ([@b17-mmr-21-06-2459],[@b21-mmr-21-06-2459],[@b24-mmr-21-06-2459]), and it has been further reported that estrogen may play a role in protecting against cardiac dysfunction ([@b25-mmr-21-06-2459],[@b26-mmr-21-06-2459]). Ollila *et al* ([@b22-mmr-21-06-2459]) reported that male LMNA mutation carriers have an earlier onset of disease than females. However, no gender differences in the cardiac phenotypes were identified in the family included in the present study. In addition, patients with LMNA mutations display age-dependent differences in the manifestation of cardiac phenotypes and prognosis ([@b27-mmr-21-06-2459]). Consistent with the literature, in the present study, the greater the age of the patient with PCCD, the more severe the cardiac phenotype and prognosis ([@b16-mmr-21-06-2459],[@b27-mmr-21-06-2459]). Furthermore, the LMNA mutation location can predict the severity of the cardiac phenotype ([@b16-mmr-21-06-2459]). LMNA mutations upstream of the nuclear localization signal or the C-terminal tail domain are associated with a more severe cardiac phenotype overall than those occurring downstream ([@b16-mmr-21-06-2459]). The mutation identified in the present study, p.Tyr481\*, was located in the C-terminal tail domain of LMNA, which is consistent with other severe cardiac phenotypes ([@b16-mmr-21-06-2459],[@b17-mmr-21-06-2459]).

In the same codon at position 481, other nucleotide mutant forms and phenotypes have been reported ([@b24-mmr-21-06-2459],[@b28-mmr-21-06-2459]--[@b32-mmr-21-06-2459]). A missense mutation (c.1442A\>G, p.Tyr481Cys) was detected in patients with DCM by clinical DNA sequencing ([@b28-mmr-21-06-2459]--[@b30-mmr-21-06-2459]). Kitaguchi *et al* ([@b31-mmr-21-06-2459]) first reported a case of limb-girdle muscular dystrophy with atrioventricular conduction block resulting from an LMNA missense mutation (c.1441T\>C, p.Tyr481His). In terms of nonsense mutations, Sylvius *et al* ([@b32-mmr-21-06-2459]) identified a proband with DCM carrying a heterozygous mutation (c.1443C\>G, p.Tyr481\*). Furthermore, in a multicenter cohort study of 269 LMNA mutation carriers, the same mutation (c.1443C\>A, p.Tyr481\*) was identified without detailed data of phenotypes or family history ([@b24-mmr-21-06-2459]). The present study, which provided clinical and genetic data for a large family with PCCD, has enriched the association of genotype and phenotype for LMNA mutations.

Early-onset PCCD in a structurally normal heart should prompt consideration of PCCD genetic testing, particularly if there is a family history of PCCD, pacemaker implantation or sudden death ([@b33-mmr-21-06-2459]). Once a proband with a known pathogenic LMNA mutation has been screened, it is necessary to perform a family screening to identify other carriers of the mutation ([@b34-mmr-21-06-2459]). For relatives of a sudden death victim with an unknown genotype, family screening for an LMNA mutation is a class IIa level of recommendation, based on the 2015 European Society of Cardiology Guidelines for the Management of Patients With Ventricular Arrhythmias and the Prevention of Sudden Cardiac Death ([@b34-mmr-21-06-2459]). The number of asymptomatic relatives identified with LMNA mutations and subclinical phenotypes is increasing ([@b35-mmr-21-06-2459]). Family screening distinguished genotype positives and negatives in the family included in the present study. Individuals IV-3 and IV-5 were genotype positive but did not present with typical symptoms or advanced AVB, therefore it could be suggested that these individuals should be offered life-long follow-up care ([@b36-mmr-21-06-2459]).

In conclusion, the present study suggested that the c.1443C\>A, p.Tyr481\* mutation in LMNA may cause PCCD. However, further investigation is required to fully understand the functional changes of this mutation. Family genetic counseling and sequencing are vital to enable early identification of LMNA genotype-positive family members, risk stratification and determination of therapeutic timing. Further functional identification would be beneficial for improving the existing knowledge of the pathogenesis of PCCD.
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![ECG before and after treatment with a pacemaker in the proband. (A) Advanced atrioventricular block before treatment. (B) ECG after pacemaker implantation. ECG, electrocardiograph; aVR, augmented vector right; aVL, augmented vector left; aVF, augmented vector foot.](MMR-21-06-2459-g00){#f1-mmr-21-06-2459}

![Family pedigree chart. Squares represent males and circles represent females. The black arrow indicates the proband. Black symbols denote patients with the LMNA mutation. Empty symbols denote subjects without the identified mutation. Grey symbols denote family members who did not participate in the present study. PM, pacemaker; ICD, implantable cardioverter defibrillator; SD, sudden death.](MMR-21-06-2459-g01){#f2-mmr-21-06-2459}

![Genotype identification of the LMNA mutation. Electropherograms of sequencing displaying (A) mutant site of LMNA gene (c.1443C\>A), indicated by a red arrow, and (B) wild-type sequencing of LMNA. (C) Amino acid at position 481 were fully conserved in nine vertebrates. Red box indicates the location of codon 481, bold letters indicate different amino acids and normal letters indicate nine types of vertebrates. (D) Position of the mutant amino acid is located in the structure of the LMNA globular domain (protein data bank deposition no. 1IFR), and the truncated protein is denoted by the grey fragment. LMNA, lamin A/C.; L, leucine; M, methionine; I, isoleucine; T, threonine; V, valine; A, alanine; Y, tyrosine; R, arginine; K, lysine; F, phenylalanine; P, proline; S, serine.](MMR-21-06-2459-g02){#f3-mmr-21-06-2459}

###### 

Clinical features of patients with PCCD and asymptomatic lamin A/C mutation carriers.

  Subject                                                 Onset age (years)   Minimum heart rate (bpm)   ECG                                                PR (msec)   Prognosis
  ------------------------------------------------------- ------------------- -------------------------- -------------------------------------------------- ----------- --------------
  II-5^[a](#tfn1-mmr-21-06-2459){ref-type="table-fn"}^    43                  40                         Bradycardia, advanced AVB                          NA          SD
  II-7^[a](#tfn1-mmr-21-06-2459){ref-type="table-fn"}^    45                  44                         Bradycardia, III AVB                               NA          SD
  II-10^[a](#tfn1-mmr-21-06-2459){ref-type="table-fn"}^   42                  35                         Bradycardia, advanced AVB                          NA          PM, ICD + SD
  II-12^[a](#tfn1-mmr-21-06-2459){ref-type="table-fn"}^   40                  37                         Bradycardia, advanced AVB                          NA          PM + SD
  III-1                                                   38                  36                         AF, bradycardia, intraventricular block, III AVB   305         --
  III-4                                                   45                  23                         Bradycardia, advanced AVB                          384         PM
  III-6                                                   24                  50                         AF, RBBB, bradycardia, II AVB                      238         --
  III-10                                                  40                  50                         Bradycardia, atrial premature                      200         --
  III-16                                                  37                  47                         Bradycardia, advanced AVB                          314         PM
  III-19                                                  40                  30                         Bradycardia, III AVB                               296         PM
  III-21                                                  42                  39                         Bradycardia, advanced AVB                          280         PM
  IV-3                                                    --                  61                         --                                                 182         --
  IV-5                                                    8                   50                         Bradycardia                                        187         --

Patients with sudden death without DNA sequencing were speculated to carry the identified mutation based on the inheritance pattern and their typical phenotype. Bpm, beats per minute; ECG, electrocardiograph; PR, PR interphase in electrocardiograph (normal range, 120--200 msec); AVB, atrioventricular block; AF, atrial fibrillation; RBBB, right bundle branch block; SD, sudden death; PM, pacemaker; ICD, implantable cardioverter defibrillator; NA, not available; -, none.

###### 

*In silico* prediction of the consequences of a nonsense mutation in lamin A/C.

  cDNA change   Amino acid change   Prediction tools   Score      Consequences of mutation
  ------------- ------------------- ------------------ ---------- --------------------------
  c.1443C\>A    Tyr481\*            PROVEAN            −265.622   Deleterious
                                    MutationTaster     1.000      Disease causing

PROVEAN, protein variation effect analyzer.

[^1]: Contributed equally
